Abstract This study aims to evaluate the effect of chlorpyrifos on several metabolic and stress related parameters of Vigna radiata L. Twenty-day-old plants were exposed to several concentrations of chlorpyrifos, ranging from 0 to 1.5 mM through foliar spray in the field condition. Analyses were done at pre-flowering (Day 5), flowering (Day 10), and post-flowering (Day 20) stages after the treatment. Lipid peroxidation rate, proline, dehydroascorbate, oxidized and total glutathione were all ascended. Chlorpyrifos enhanced lipid peroxidation rate and proline content with 1.5 mM at Day 20 whereas dehydroascorbate, oxidized and total glutathione were increased in 1.5 mM at Day 10. However, dose dependence significantly declined in content of ascorbate and reduced glutathione levels were observed at all growth stages. Among the enzymatic antioxidants, activities of superoxide dismutase, ascorbate peroxidase and glutathione reductase enhanced significantly in all the concentrations at Day 10. Maximum catalase activity was observed at Day 10 in control and it declined thereafter. The above results clearly depicted the provoked state of oxidative stress under chlorpyrifos exposure in Vigna radiata L. and therefore can be used to evaluate the degree of insecticide contamination to plant, which may be serving as biomarker in Vigna radiata L.
Introduction
The use of synthetic pesticides as crop protection chemicals has become the most accepted ecological weapon for assured crop production. With the restricted use of most of the organochlorine insecticides, the organophosphorus compounds are taking the major share of insecticide consumption in India (Aditya et al. 1997) . Chlorpyrifos [O, 5, phosphorothioate] is a broad-spectrum organophosphate insecticide being used for more than a decade to control foliar insects that affect agricultural crops, to reduce pod damage (Khan et al. 2009; Kumar et al. 2010; Wu and Laird 2003; Rusyniak and Nanagas 2004) , and subterranean termites (Venkateswara Rao et al. 2005) . Chlorpyrifos produces hazardous effects on the environment when it is applied directly on plants or mixed with soil (Howard 1991) . The absorption and translocation of chlorpyrifos residue by wheat and oil seed rape root has been studied by Wang et al. (2007) and it concluded that, the uptake rate of chlorpyrifos residue by these two plants increased with an increase in the amount of chlorpyrifos residue in soil. Parween et al. (2011) revealed that the exposure of an organophosphorous insecticide chlorpyrifos proved depressing for nitrogen metabolism and plant growth in Vigna radiata L. Previous studies have demonstrated that dimethoate causes a reduction in plant growth, photosynthetic pigments and photosynthetic activity of Glycine max L. (Panduranga et al. 2005) and Vigna unguiculata L. (Mishra et al. 2008) . Continuous exposure to imadacloprid at higher doses significantly impaired the germination and growth of rice seeds and seedlings (Stevens et al. 2008 ) whereas adverse effects of mancozeb on morphological and anatomical traits of Lens culinaris L. at different developmental stages has been investigated by Bashir et al. (2007a, b) . The blocked growth might have resulted from the inhibition of normal cell division or elongation. Besides, insecticides triggered oxidative stress by producing reactive oxygen species (ROS), e.g., superoxide anion radical (O 2 Á-) and H 2 O 2 (Mishra et al. 2008) . Insecticide-induced oxidative stress was shown to alter the cellular redox balance by altering ascorbate-glutathione (Asc-Glu) cycle or damaging other antioxidant defense systems (Bashir et al. 2007b) . Plants have multiple strategies to confer their tolerance to insecticide-induced toxicity, and prevention of oxidative damage to cells has been suggested as one of the mechanisms of stress tolerance (Saraf and Sood 2002; Prasad et al. 2005) . The antioxidant machinery is composed of enzymes and non-enzymatic components. The enzymatic components include ROS scavengers like superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) (Khan and Kour 2007) . Such enzymatic based anti-oxidative system has been one of the important strategies for plants to respond to environmental stresses. In most cases, toxic organic compounds can give rise to the increased activities of antioxidant enzymes such as SOD, POD or ascorbate peroxidase (APX), which reflect not only the degree of toxicity but the ability to tolerate the stress as well (Wu and Von Tiedemann 2002; Peixoto et al. 2006; Song et al. 2007 ). Additionally, nonenzymatic (e.g., glutathione, tocopherols, ascorbate, and carotenoids) defense systems protect cells from injury also, by scavenging ROS (Pinto et al. 2003; Jan et al. 2012a) .
Although a number of studies have demonstrated the effect of insecticides on various plants, but surprisingly, no attempt seems to have been made, to find out the effect of widely used insecticide chlorpyrifos on different developmental stages of vegetable crops, a situation, which is likely to exist in the agricultural fields. To the best of our knowledge, there is no information available so far about the effect of chlorpyrifos on antioxidant system of higher plants. In this context, present study will explain and elucidate the effects of chlorpyrifos-induced oxidative stress in plant cells, which may affect various enzymatic and nonenzymatic antioxidants involved in the Asc-Glu cycle in Vigna radiata L. This research has been carried out in the Department of Botany, Jamia Hamdard (New Delhi; India) in April 2008-2009.
Materials and methods

Chemicals
All the chemicals used were of AR (analytical reagent) or GR (guaranteed reagent) quality. Most of the chemicals were the products of SRL, E. Merck, Aldrich-Sigma, S.D. fines. Chlorpyrifos (20 % EC) was supplied by Bharat Insecticides Limited, New Delhi (India).
Experimental setup and treatment
The seeds of Vigna radiata (L.) R. Wilcz were procured from Division of Genetics, Pulse Research Centre, Indian Agricultural Research Institute (IARI), New Delhi. The individual plot size was 6 m 2 (4 m 9 1.5 m) having 4 rows with a row to row distance of 15 inch and plant to plant distance of 10 inch. The number of plants per m 2 was 15. The field was ploughed and leveled prior to sowing. The plots were made with proper bunds along with necessary irrigation channels. Irrigation was done as and when required. The crop was kept free from weeds by regular manual weeding operations. Twenty-day-old seedlings were subjected to foliar application of three grades of chlorpyrifos (20 % E.C.) viz., 0 (control), 0.3, 0.6 and 1.5 mM/100 mL prepared by dissolving the required amount of chlorpyrifos in double distilled water. Each experiment was repeated three times with five replicates. Seedlings were collected on Day 5 (preflowering), 10 (flowering) and 20 (post-flowering) after the treatment to analyze the effects of chlorpyrifos treatment on lipid peroxidation rate, proline content, activities of enzymatic antioxidants like superoxide dismutase (SOD; 1.15.1.1), ascorbate peroxidase (APX; 1.11.1.11), catalase (CAT; 1.11.1.6) and glutathione reductase (GR; 1.6.4.2) and activities of non-enzymatic antioxidants like ascorbate (Asc) and glutathione (Glu) content.
Lipid peroxidation rate and proline analyses Oxidative damage to leaf lipids was estimated by the content of a total of two thiobarbituric acid reactive substances (TBARS), expressed as equivalents of malondialdehyde (MDA). TBARS content in the leaves of V. radiata L. was determined by the method described by Cakmak and Horst (1991) . Proline content in leaf samples was estimated by the method of Bates et al. (1973) .
Extraction and determination of enzymatic activities
SOD activity
Fresh leaf material (0.2 g) was homogenized in 2.0 mL of extraction mixture containing 0.5 M Na-phosphate buffer, pH 7.3, 3 mM EDTA, 1 % PVP, 1 % Triton X-100 and centrifuged at 10,000 rpm at 4°C. The method of Dhindsa et al. (1981) was followed with slight modification for estimating SOD activity.
APX activity
Fresh leaf material (1 g), ground in 5 mL of extraction buffer (0.1 M K-phosphate, pH 7.0, 3 mM EDTA, 1 % PVP, 1 % Triton X 100, and 1 mM ascorbic acid), was centrifuged at 10,000 rpm for 10 min at 4°C. APX activity was estimated by the method of Nakano and Asada (1981) .
CAT activity
Fresh leaf material (0.5 g), ground in 5 mL of extraction buffer (0.5 M Na-phosphate, pH 7.3, 3 mM EDTA, 1 % PVP, 1 % Triton X 100) was centrifuged at 10,000 rpm for 20 min. at 4°C. CAT activity was determined by the method of Aebi (1984) .
GR activity
Fresh leaf material (0.5 g), ground in 2 mL of extraction buffer (0.1 M Na-phosphate, pH 7.0, 3 mM EDTA, 1 % PVP, 1 % Triton X 100) was centrifuged at 10,000 rpm for 10 min. GR activity was determined by the method of Foyer and Halliwell (1976) modified by Rao (1992) .
Extraction and determination of enzymatic antioxidants
Ascorbate content
Fresh leaf tissue (0.05 g) was ground in 2 mL of 0.1 M Naphosphate buffer (pH 7) and 1 mM EDTA and centrifuged at 10,000 rpm for 10 min ascorbate (Asc), dehydroascorbate (DHA) and total ascorbate (Asc ? DHA) were estimated by a modified method of Law et al. (1983) .
Glutathione content
Fresh leaf (0.05 g) was homogenized in 2 mL of 5 % sulphosalicylic acid at 4°C. The homogenate was centrifuged at 10,000 rpm for 10 min. Reduced (GSH), oxidised (GSSG) and total glutathione (GSH ? GSSG) were determined by the glutathione recycling method of Anderson (1985) .
Data analysis
For all the enzymatic calculations, protein was determined by Bradford method (1976) , using bovine serum albumin (BSA, Sigma, USA) as the standard. The data are expressed as mean ± SE (n = 5). The data were analyzed employing analysis of one-way variance (ANOVA) followed by a Duncan's multiple range test (DMRT) to determine whether the values were significantly different from the control. Least significance difference (LSD) at 5 % probability level was used to detect the differences between treatment means.
Results and discussion
Among pesticides, organophosphates are most commonly used insecticides in the world. Over-generation of ROS is a rapid and sensitive response of plants to environmental stimuli (Jiang and Yang 2009; Jan et al. 2012b ). Amongst ROS, O2
Á-and H 2 O 2 were used to illustrate the degree of oxidative injury to cells. Peroxidation of membrane lipids is usually expressed by TBARS content accumulation. Lipid peroxidation may be the first step of cellular membrane damage by organophosphates (Hazarika et al. 2003) . Table 1 showed age and dose dependent increase in lipid peroxidation rate in chlorpyrifos-exposed seedlings than that of the untreated seedlings. Compared to control, the average values of TBARS increased by 12.57 % at Day 20 under 1.5 mM chlorpyrifos concentration. Exposure of Glycine max. L. to insecticide deltamethrin or other pesticides led to increase in lipid peroxidation in leaves and root (Bashir et al. 2007b; Song et al. 2007 ). The increased lipid peroxidation in the present study suggested that ROSinduced damage may be one of the main toxic effects of chlorpyrifos. It has been well known, that small metabolites like proline accumulate to a high level in plants when they are under stresses such as drought, salinity and other environmental stresses (Ashraf and Foolad 2007; Kovacik et al. 2009 ). Detoxification of ROS, protection of membrane integrity, stabilization of enzyme or proteins and tolerance to stresses have been the contributions by proline (Mittler 2002) . Compared to the control, accumulation of proline content by 37.07 % at Day 20 (Table 2 ) was observed. Enhanced proline content has been reported under insecticide stress (Bashir et al. 2007b) in Glycine max L. and herbicide stress (Wu et al. 2010) in rice, suggesting that it might prevent chlorpyrifos-induced production of ROS and protect plants from the oxidative damage. Thus, proline accumulation can be accepted as an indicator of chlorpyrifos-induced stress in Vigna radiata L.
To mitigate and repair the damage caused by these ROS, plants have evolved complex antioxidant systems. The chlorpyrifos treated seedlings in this study have showed a significant enhancement in SOD activity, especially during the flowering stage (Day 10 after the treatment). The relatively low activity during post-flowering stage (Day 20 after the treatment) is mainly based on the fact that ageing leaf contains lower antioxidants than younger leaf (Haddad et al. 2009 ) as ageing is a period of catabolism of macromolecules which may cause the accumulation of ROS. Among the enzymatic antioxidant, SOD is an essential component of a plant's anti-oxidative defense system. An important role is played by SOD in dismutation of free radicals by the formation of H 2 O 2 . Overproduction of H 2 O 2 to eliminate the toxicity of O Á-is caused by SOD. Stimulation in activities of SOD was witnessed in Vigna leaves exposed to chlorpyrifos at different levels. A concentration dependent change was observed, with the highest activity at 1.5 mM in Day 10 with 84.55 % increase over the control (Table 3) . Enhanced SOD activity was reported under insecticide (Bashir et al. 2007b) in Glycine max L., herbicide (Jianga et al. 2010; Wu et al. 2010 ) in wheat and rice, respectively, suggesting that SOD was stimulated by scavenging O 2 Á-to protect Vigna plants from chlorpyrifos toxicity and the SOD activity was sufficient to cope with an increased concentration of chlorpyrifos. Of the diverse anti-oxidative enzymes involved in the elimination of ROS, POD is another indicator of oxidative damage to plants. The breakdown of H 2 O 2 and lignin biosynthesis in the presence of H 2 O 2 is participated by POD (Bowler et al. 1992) . APX is one type of POD but uses ascorbate as electron donor in the first step in the AscGlu cycle to remove H 2 O 2 (Aebi 1984) . In plant chloroplasts, to avoid oxidative stress, SOD and APX activities must not only be sufficiently high, but also balanced, so that H 2 O 2 generated by the action of SOD upon superoxide radicals is eliminated by APX (Asada 2006) . A pattern of activities similar to SOD was displayed by APX in this study (Table 4 ). Compared to the control, a dose dependent increase by 74.21 % in Day 10 under 1.5 mM treatment was observed. APX protects the cell against oxidative damage by detoxifying the toxic H 2 O 2 . The role of APX in the detoxification of H 2 O 2 (Morimura et al. 1996 ) under insecticide-induced oxidative stress is suggested by its marked increase in the activity. Same results were observed under the fungicide (Jaleel et al. 2006; Gopi et al. 2007 ) and herbicide (Jianga et al. 2010 ) treatments.
CAT is one of the key enzymes involved in the removal of toxic H 2 O 2 . CAT activity also showed a similar variation trend as did SOD and APX with respect to age of the plant, thus having its maxima in Day 10 and declined thereafter over the respective control. On the contrary, the significant dose dependent decreased in CAT activity with all chlorpyrifos treatments up to 57.29, 60.89 and 71.32 % at Day 5, 10 and 20, respectively (Table 5 ). Depressed CAT activity was reported under insecticide stress (Bashir et al. 2007b) in Glycine max L. and herbicide (Jianga et al. 2010 ) stress in wheat root, cobalt (Jaleel et al. 2009 ) in Vigna radiata L. and temperature stress (Nagesh and Devaraj 2008) in Phaseolus vulgaris L. In the experiment of Rastgool and Alemzadeh (2011) , decreased CAT activity under Pb treatment reported that resulted in increased lipid peroxidation may be because of decrease in H 2 O 2 detoxification (Halliwell and Gutteridge 1985) . Some of the reasons for decrease in CAT activity under stress conditions are changes in the assembling of CAT subunits and enzyme inactivation or proteolytic degradation by peroxisomal protease (MacRae and Ferguson 1985; Cakmak 2000) , changes in enzyme structure due to binding non-essential metals to them (Florence and Stauber 1986) . In the experiment of Mafakheri et al. (2011) , significant decreased activity was measured in chickpea exposed to drought stress at the vegetative stage where as the plant stressed during anthesis or both the vegetative stage and anthesis showed significantly higher CAT activity upon exposure to drought stress when compared to control. GR is localized mainly in the chloroplast in which it represents about 80 % of total GR activities in leaf tissues. It also can be found in cytosol, glyoxysomes, and peroxisomes (Jiménez et al. 1997) . Like APX, GR is one of the major components in the ascorbate-glutathione cycle, by which the efficient recycling of glutathione is ensured by GR. Therefore, it plays an essential role in the protection of chloroplasts against the oxidative damage by maintaining a high reduced/oxidized glutathione (GSH/GSSG) ratio. The present study showed that the GR activity has increased with the increasing concentration of chlorpyrifos (Table 6) which could be explained in two ways: (1) the Asc-Glu cycle might be operating at a high rate in order to detoxify the ROS in Vigna, or (2) the glutathione pool has to be maintained at high levels so that it does not become a limiting factor for the synthesis of phytochelatins, the small peptides involved in the sequestrations of various metal ions in the vacuoles (Cobbett 2000; Stolt et al. 2003) and in the inactivation of pesticides by conjugate formation. It has been observed that plants under environmental stimuli tend to have high activities of GR (Batish et al. 2006 ). Hence, a critical role is played by GR in protecting plants against oxidative stress.
The non-enzymatic cellular antioxidants, like ascorbate and glutathione, undergo alterations under oxidative stress (Foyer and Halliwell 1976; Nakano and Asada 1981) . Generated oxidative stress appears to correlate with decline in the ratio of Asc and dehydroascorbate (DHA) (Qureshi et al. 2007) . In the present investigation as compared to control, a dose dependent reduction in Asc and Asc ? DHA by 75.47 and 8.59 %, respectively, at Day 10 was observed under the highest concentration (1.5 mM) used (Fig. 1a) , but DHA content increased, resulting in a reduction in the overall ascorbate pool, which indicates a change in redox balance in the antioxidant system in response to insecticide. Similar results were reported (Qureshi et al. 2007 ) under heavy metal stress. Glutathione, which acts as an antioxidant, is widely believed to protect the cell against oxidative stress by maintaining cellular redox potentials. It may react directly with ROS, protect protein thiol groups form mixed disulfides with proteins, or it be involved in enzymatic detoxification of H 2 O 2 (Kok De and Stulen 1993) . In the present study, a dose dependent decrease was observed in GSH content by 69.78 % where as an increase in GSSG and GSH ? GSSG by 387.54 and 63.75 % at Day 10 under 1.5 mM insecticidal treatment over their respective controls (Fig. 1b) . The enhanced levels of GSSG in V. Radiata due to chlorpyrifos toxicity suggest its participation in the detoxification of oxygen species and free radicals, directly (non-enzymatic) as well as through certain enzymes. It is assumed that GSH (Wingate et al. 1988) or GSSG (Winglse and Karpinski 1996) or a change between GSH and GSSG (Foyer et al. 1997 ) may function as signal for activating stress-responsive gene expression in stress situations.
Conclusion
The present work encompasses the responses of Vigna radiata L. against chlorpyrifos, also explicated the providence of pesticide metabolizing anti-oxidative enzyme system. Activation of metabolic processes in plant cells in response to chemical stress is manifested in (a) accumulations of proline, and (b) increase in various enzymatic and non-enzymatic antioxidants in various plant parts, thus suggesting that efficiency of Asc-Glu cycle rises in order to detoxify the ROS in the cells. Furthermore, it revealed the circuitous evidence of chlorpyrifos degradation by the increased activity status of oxido-reductase enzymes. These biochemical results can be interpreted as internal tolerance mechanisms and may allow us to develop strategies for reducing the risks of the insecticide contamination in the crop production. Enzyme expression to the gene level and degradation studies by detecting intermediary degradation compounds are the issues for future studies.
